Crimean-Congo hemorrhagic fever virus (CCHFV), which is widely distributed in parts of Asia, Africa and Europe, often causes fatal viral infections in humans. However, its evolutionary features are still unclear. In this study, a total of 22 global CCHFV strains with complete genome segments were analysed. Three medium (M) segment reassortants and two small (S) segment reassortants were newly identified. According to Bayesian analysis of the S, M and large (L) segment datasets with and without reassortants, inclusion of reassortants was approved to bias Bayesian analysis of the S and L segments, but not the M segment. The mucin domain of the M segment had no effect on evolutionary rate estimates, but had slight effects on the time to the most recent common ancestor. Selection pressure analysis suggested that CCHFV was under strong purifying selection regardless of the S, M and L segments, and that the L segment was also shaped by positive selection. Bayesian analysis in this study indicated the evolutionary features of CCHFV, which were helpful in investigating the molecular evolution, CCHF surveillance and the pathogenicity of CCHFV and other viruses in the family Bunyaviridae.
Crimean-Congo hemorrhagic fever virus (CCHFV), which is the causative agent of CCHF, belongs to the family Bunyaviridae, genus Nairovirus. CCHFV is transmitted to humans through infected tick bites, direct contact with viraemic animals or humans, and human infections can result in severe haemorrhagic fever with a mortality rate of 3-30 % (Ergönül et al., 2004) . CCHF is recognized in many regions of the world: Africa, the Middle East, Europe and Asia (Hoogstraal, 1979) . Among the reservoir ticks (Hyalomma species, Rhipicephalus, Ornithodoros, Boophilus, Dermatocentor and Ixodes species), Hyalomma species are the most important vectors for this virus. In China, CCHF cases have only been reported in Xinjiang (a province in western China), although specific antibodies against CCHFV have been detected in livestock and humans in other provinces (Tang, 2006) .
In the tick-vertebrate-tick cycle, CCHFV persists in ticks throughout its life stages (Shepherd et al., 1991) , and vertebrates (such as humans, sheep, goats and cattle) can amplify the virus. The role of birds in the ecology and epidemiology of CCHF remains unclear. One interesting exception is the ostrich bird, which has been confirmed as a source of several CCHF cases (Shepherd et al., 1987; Swanepoel et al., 1998) . The livestock trade has also been proven to be associated with virus dissemination (Rodriguez et al., 1997; Gunes et al., 2011; Chisholm et al., 2012) .
The enveloped CCHFV has a tripartite, ssRNA genome of negative polarity (Schmaljohn & Hooper, 2001 ). The three segments [small (S), medium (M), large (L)], which contain ORFs flanked by non-coding regions, encode the viral nucleocapsid, membrane glycoprotein precursor and RNAdependent RNA polymerase (RdRp), respectively (Schmaljohn & Hooper, 2001) . The N-terminal region of the glycoprotein precursor (M) is highly variable and is known as the mucin domain (Sanchez et al., 2002) . Previous phylogenetic analyses (Hewson et al., 2004; Burt & Swanepoel, 2005; Aradaib et al., 2011) are restricted to the partial S/M segment or limited numbers of virus strains. Additionally, both reassortment and recombination have been identified in CCHFV (Chare et al., 2003; Hewson et al., 2004; Lukashev, 2005; Deyde et al., 2006; Burt et al., 2009) . To address the evolutionary features of CCHFV, Carroll et al. (2010) and Anagnostou & Papa (2009) describe their evolutionary rates and ancestors. However, these two studies do not employ CCHFV with all three genome segments (S, M, L) and also do not rule out those reassortants. Thus, their analyses may lead to erroneous estimations of the evolutionary rates and ancestors of CCHFV.
To further characterize the epidemiology and evolution of CCHFV, 22 global CCHFV strains with genome segments (S, M, L) were employed in this study, which were isolated from 1956 to 2009 (www.ncbi.nlm.nih.gov). These strains had a known date of isolation, and those viral sequences containing stop codons and 100 % similarity were excluded. All the following analysis was based on the complete ORF sequences of each segment and no recombination was identified in any segment cohort. The maximum likelihood trees of the S, M and L segments, which were inferred using the TREE-PUZZLE program (Schmidt et al., 2002) , revealed several distinct lineages and their approximate geographical distribution (Fig. 1a, b , c), which were consistent with those described previously by Deyde et al. (2006) and Carroll et al., 2010) . According to the S, M and L tree topologies, L segment reassortants (ArD8194, ArD15786) and M segment reassortants (SPU415/85, SPU97/85, ArD39554, UG3010), which were described previously by Deyde et al., (2006) , were also identified in this study (Fig. 1a, b, c) . Besides these reassortants, other reassortants were also identified in this study. For instance, Tajikistan strain HU8966, Iran strain Baghdad 12 and Afghanistan strain Afg09-2990 belonged to lineage IV in both the S and L trees (Fig. 1a, c) , but belonged to lineage III in the M tree (Fig. 1b) , which suggested that the three strains represented M segment reassortants. Strikingly, China strains YL04057 and 79121M18 belonged to lineage I in both the M and L trees (Fig. 1b, c) , but belonged to lineage IV in the S tree (Fig. 1a) ; these strains apparently represented S segment reassortants. Reassortments of CCHFV appeared to contribute to the high amount of genetic diversity (Hewson et al., 2004; Lukashev, 2005; Deyde et al., 2006; Burt et al., 2009) . In this study, a novel segment introduction was identified in all known reassortants. For instance, the M segment of M reassortants (Afg09-2990, HU8966, Baghdad 12; SPU415/85, SPU97/85) came from a different sublineage in lineage III and IV; the M segment of M reassortants (ArD39554, UG3010), the L segment of L reassortants (ArD8194, ArD15786) and the S segment of S reassortants (YL04057, 79121M18) came from different lineages, VII, III and IV, respectively (Fig. 1) . RNA reassortments might occur due to long-term persistent virus infection and vertical transmission in ticks (Shepherd et al., 1991) when ticks were co-infected, which was likely to result in a virus with higher fitness and often higher pathogenicity (Burt et al., 2009) . The identified reassortants SPU415/85, SPU97/85, UG3010, ArD15786, HU8966, Baghdad 12 and Afg09-2990 were isolated from a human or goat source, which firmly supported the idea that the reassortants could keep their fitness during the transmission to a different host (tickAvertebrate). Noticeably, the three M segment reassortants verified here (HU8966, Baghdad 12, Afg09-2990) were isolated from a very wide region (Tajikistan, Iran, Afghanistan) over a long time period , which suggested that they could maintain high fitness in tick-vertebrate-tick cycles. Strikingly, two S segment reassortants (China strain YL04057, 79121M18), we believe to be first described in this study, were isolated from ticks. It was unclear whether the two S reassortants had higher pathogenicity in vertebrates, as well as the M reassortants isolated in South Africa (Burt et al., 2009) . Therefore, suspected patients or other vertebrates need to be surveilled annually in Asia, especially in western China, and additional epidemiological and pathogenic features of these two reassortants need to be investigated.
Because reassortments often introduce novel segments, the best way to conduct Bayesian analysis of CCHFV was to exclude all reassortants in datasets. In two previously described analyses by Anagnostou & Papa (2009) and Carroll et al. (2010) , the strain numbers in the S, M and L datasets were very different, and reassortants were also not completely ruled out from these datasets. In the study by Anagnostou & Papa (2009) , no reassortants were excluded. In the one by Carroll et al. (2010) , such a deduction that the inclusion of reassortants had no effect on the evolutionary rate estimates of the M segment needs to be further verified, because it was still unclear whether some viruses (except the six excluded strains) in the M segment cohort were reassortants. Additionally, whether the inclusion of reassortants had effects on Bayesian analysis of the S and L segments also remained unknown (Carroll et al., 2010) .
To investigate whether the inclusion of reassortants interfere with Bayesian analysis of CCHFV, the related analysis was performed by using the BEAST 1.5.3 package (http://beast.bio. ed.ac.uk/Main_Page) (Drummond & Rambaut, 2007) under the GTR+G substitution model, a relaxed uncorrelated lognormal clock and a coalescent model of constant population size, as described previously by Carroll et al. (2010) . In the two CCHFV datasets (dataset one, dataset two) analysed in this study, dataset one (with reassortants, n522) included all strains listed in Table 1 and dataset two (without reassortants, n511) excluded all 11 reassortants (Afg09-2990, HU8966, Baghdad 12, SPU415/85, SPU97/85, ArD8194, ArD15786, ArD39554, UG3010, YL04057, 79121M18) listed in Table 1 . Although dataset two contained fewer virus strains, its time span was similar to that for dataset one and it consisted of four main lineages (three strains in lineage III, two strains in lineage IV, five strains in lineage V, one strain in lineage VI). The results showed that the evolutionary rates of the S, M and L segments in dataset one, which included all reassortants, were 1. ) substitutions per site per year, respectively. Compared with dataset one, the rates of the S and L segments in dataset two were markedly higher (5.6 and 2.1 times higher), while the rate of the M segment was not biased. As for the times to most recent common ancestor (TMRCA), they were estimated to be 2387 years ( were 14 098 years (95 % HPD: 2856-21 534), 18 407 years (95 % HPD: 362-42 986) and 8942 years (95 % HPD: 1099-23 926), respectively. There was no difference in the TMRCA based on the M segment between the two datasets, while the counterparts were very different for the S and L segments. These results clearly suggested that Bayesian analysis of the S and L segments were biased by the inclusion of reassortants, while the M segment was not, regardless of the evolutionary rate or TMRCA. Thus, it was concluded that the inclusion of reassortants significantly interfered with the evolutionary analysis of CCHFV, and that this effect might also apply to other segmented RNA viruses. Furthermore, it was interesting to note that the S segment evolved the fastest (6.55610 24 substitutions per site per year), which was 4.5 and 3.9 times faster than the M and L segments (1.45610 24 , 1.69610 24 substitutions per site per year), respectively. In a previous study by Bird et al. (2008) , the evolutionary rates of two lineages of another virus in the family Bunyaviridae, Rift Valley fever virus, were described. In that study, the characteristics of evolutionary rates for three segments ( 24 substitutions per site per year for lineage Kenya-2) were similar to those presented in this study, although one reassortant was included in the study by Bird et al. (2008) , which would not severely bias the results. However, the reasons for the faster evolution of the S segment are currently unclear and need to be investigated further.
In a previous analysis (Carroll et al., 2010) that included reassortants, although no discernible effects on evolutionary rates for the M segment with and without the mucin domain were observed, it was unclear whether the mucin domain had effects on this analysis if reassortants were excluded. Our results showed that the evolutionary rates with and without the mucin domain were 1. Many gaps in the M segment alignment were due to the different lengths of the mucin domain. To eliminate the effect of gaps on analysis, the M segment excluding the mucin domain was used to estimate its selection pressure. Overall selection pressures acting on the S, M and L segments were determined as the ratio of non-synonymous (d N ) to synonymous (d S ) substitutions (d N : d S ) per site by using the pairwise method of Nei and Gojobori as implemented in MEGA4 (Tamura et al., 2007) . The results showed that the d N : d S values of the S, M and L segments in dataset two (without reassortants) were 0.022, 0.048 and 0.032, respectively, which clearly indicated that the three segments of CCHFV were all under strong purifying selection (Woelk & Holmes, 2002) .
Meanwhile, site-specific selection pressure analysis was also performed by using the online server Datamonkey (http:// www.datamonkey.org) (Pond & Frost, 2005) . Sites were considered to be under positive selection if at least two of the methods (the single likelihood ancestor counting, SLAC; fixed effects likelihood, FEL; internal FEL, IFEL; random effects likelihood, REL) indicated this with high statistical significance (P,0.1 or Bayes factor .50). Dataset two (without reassortants) was used here. Results (Table 2) showed that three positive selection sites (2011, 2438, 2632) were found in the L segment, and that no positive selection sites were found in the M and L segments. To the best of my knowledge, this is the first description of positive selection in CCHFV. The results presented here suggested that although CCHFV was under strong purifying selection, the positive selection acting on the L segment might tend to be beneficial to virus replication, as the L segment encoded RdRp. A purifying selection was usually acting to preserve the function of proteins, while a positive selection may shape viruses to adapt to environmental factors such as location and host (Kaye et al., 2011) . Among the three positive selection sites (2011, 2438, 2632) scattered throughout the entire RdRp, site 2438 had four different non-synonymous changes (A, T, V, I) which linked to the geographical distribution of CCHFV. For instance, A2438 existed in lineage V (Europe), V2438 existed in lineage IV (Asia) and T2438/I2438 existed in lineage III/VI (Africa/Greece). Interestingly, the M segment, which encoded two glycoproteins (G N , G C ) responsible for virus entry (Xiao et al., 2011) , was shown to have five potential positive selection sites (13, 176, 368, 728, 762) . Among these sites, site 368 and 728 also linked to the geographical distribution of CCHFV. For instance, F368 existed in lineage IV/V (Asia/Europe), and Y368 existed in lineage III/VI (Africa/Greece), N728 existed in lineage III/IV/VI (Africa/Asia/Greece) and R728 existed in lineage V (Europe). Previous studies firmly indicated that mutations in the M and L segments were involved in the virulence and host range of CCHFV (Griot et al., 1993) . Thus, positive selection sites in the M and L segments identified in this study were likely to be involved in the aforementioned conclusions. Further investigations based on a reverse genetics system for CCHFV need to be conducted in the future to elucidate the exact roles of these sites in the pathogenicity of CCHFV.
To summarize, the present study has suggested the evolutionary features of CCHFV. Firstly, three widely distributed M segment reassortants (HU8966, Baghdad 12, Afg09-2990) and two S segment reassortants (YL04057, 79121M18) are described. Secondly, Bayesian analysis of the S and L segments, but not the M segment, is biased by the inclusion of reassortants. The mucin domain also slightly biases Bayesian analysis of the M segment. Thirdly, although the S, M and L segments of CCHFV have been proven to be under strong purifying selection, the L segment (RdRp) is also shaped by the positive selection. Fourthly, this study presents the evolutionary rates and TMRCA of the S, M and L segments along with CCHFV evolution. 772, 1279, 2011, 2438 67, 765, 784, 1696, 1910, 2438, 2632, 3698 189, 1043, 2011, 2632, 2757, 3766 *Amino acid site where P,0.1. D Amino acid site where Bayes factor .50.
dThe variable N-terminal mucin domain was excluded and amino acids positions were based on 1446 C-terminal amino acids.
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